Since research on plant interactions with herbivores and pathogens is often constrained by the analysis of already known compounds, there is a need to identify new defense-related plant metabolites. The uncommon nonprotein amino acid N d -acetylornithine was discovered in a targeted search for Arabidopsis thaliana metabolites that are strongly induced by the phytohormone methyl jasmonate (MeJA). Stable isotope labeling experiments show that, after MeJA elicitation, Arg, Pro, and Glu are converted to Orn, which is acetylated by NATA1 to produce N d -acetylornithine. MeJA-induced N d -acetylornithine accumulation occurs in all tested Arabidopsis accessions, other Arabidopsis species, Capsella rubella, and Boechera stricta, but not in less closely related Brassicaceae. Both insect feeding and Pseudomonas syringae infection increase NATA1 expression and N d -acetylornithine accumulation. NATA1 transient expression in Nicotiana tabacum and the addition of N d -acetylornithine to an artificial diet both decrease Myzus persicae (green peach aphid) reproduction, suggesting a direct toxic or deterrent effect. However, since broad metabolic changes that are induced by MeJA in wild-type Arabidopsis are attenuated in a nata1 mutant strain, there may also be indirect effects on herbivores and pathogens. In the case of P. syringae, growth on a nata1 mutant is reduced compared with wild-type Arabidopsis, but growth in vitro is unaffected by N d -acetylornithine addition.
INTRODUCTION
Plants exhibit a wide array of defenses against herbivores and pathogens, ranging from the production of toxins and feeding deterrents (Agrawal, 1998; Kessler and Baldwin, 2002) to compensatory growth changes that allow tolerance of high damage levels (Agrawal, 2000; Stowe et al., 2000; Tiffin, 2000) . Many, perhaps most, of the likely several hundred thousand secondary metabolites found in the plant kingdom contribute to defense against herbivores and pathogens (Dixon, 2001; Bino et al., 2004) . Broadly distributed classes of secondary metabolites, which can be found as components of both constitutive and inducible plant defense responses, include phenolics, terpenes, alkaloids, and nonprotein amino acids (Howe and Jander, 2008) .
In addition to the standard 20 proteinogenic amino acids, hundreds of other amino acids have been found in many different plant species (Fowden, 2001; Bell, 2003) . Some of these, for example, Orn and homoserine, are essential in primary metabolism, whereas others are secondary metabolites that contribute to plant defense against herbivores and pathogens. For instance, canavanine, which is found in the seeds of many legumes, is toxic to herbivores because it competes with Arg in enzymatic reactions (Rosenthal, 2001) . Similarly, azetidine-2-carboxylate, which is particularly abundant in Convallaria majalis (lily of the valley), can disrupt protein structures by binding to tRNA in place of Pro during protein synthesis (Peterson and Fowden, 1963; Norris and Fowden, 1972) .
Another function for nonprotein amino acids may be to store nitrogen in a form that makes it metabolically unavailable to herbivores. About half of the 20 protein amino acids are essential dietary constituents because they cannot be synthesized by most animals. Degradation of Arg to Orn by tomato (Solanum lycopersicum) arginase significantly reduces Manduca sexta (tobacco hornworm) weight gain (Chen et al., 2005) , showing that availability of a single essential amino acid can be growthlimiting for insects. Similarly, conversion of an essential amino acid into an uncommon nonprotein amino acid that herbivores cannot use would reduce the nutritive value of plant tissue.
The nonprotein amino acid N d -acetylornithine ( Figure 1A ) has been reported in Corydalis ochotensis (Manske, 1937) , Asplenium nidus (Virtanen and Linko, 1955) , Bistorta bistortoides (Lipson et al., 1996) , some grasses (Fowden, 1958) , and several legumes (Brown and Fowden, 1966; Zacharius, 1970; Kite and Ireland, 2002; Marona et al., 2003) . Abundance of N d -acetylornithine in legume seeds (Brown and Fowden, 1966; Zacharius, 1970; Kite and Ireland, 2002) and B. bistortoides rhizomes (38% of free amino acids; Lipson et al., 1996) suggests a role in nitrogen storage. However, given that N d -acetylornithine has been found sporadically in ferns, monocots, and dicots (in the Aspleniaceae, Fabaceae, Papaveraceae, Poaceae, and Polygonaceae), there may be additional functions associated with this plant metabolite. Like most nonprotein amino acids found in plants, N d -acetylornithine has not been studied in a genetically tractable model species and almost nothing is known about the biosynthetic pathway(s).
Research with Arabidopsis thaliana has identified diverse classes of secondary metabolites (D'Auria and Gershenzon, 2005) , and, in particular, the defense-related glucosinolates have been studied extensively (Halkier and Gershenzon, 2006) . However, very little is known about defensive nonprotein amino acids in Arabidopsis, and the majority of the estimated 5000 small molecules in a typical leaf remain unidentified (Bino et al., 2004) . The plant hormone jasmonic acid (JA) and its more volatile form, methyl jasmonate (MeJA), induce numerous defense responses, including production of secondary metabolites, in Arabidopsis and other plants (Howe and Jander, 2008) . Therefore, in an effort to identify and study previously unknown plant chemical defenses, we initiated a search for the MeJA-induced production of nonprotein amino acids in Arabidopsis. These experiments resulted in the identification of N d -acetylornithine, an Orn acetyltransferase that synthesizes this compound and likely defensive functions.
RESULTS

Induced Production of N d -Acetylornithine in Arabidopsis
Assays of phloem exudates from MeJA-induced Arabidopsis accession Columbia-0 (Col-0) showed accumulation of an unknown amino acid, which was determined to be N d -acetylornithine ( Figure 1A ) by mass spectrometry (MS) and NMR (see Supplemental Figure 1 online). N d -acetylornithine, which was not commercially available, was synthesized and shown to have the same properties as the purified Arabidopsis compound (see Supplemental Figures 1 and 2 online) . The absolute configuration of Arabidopsis N d -acetylornithine was determined to be L by comparing the polarity of the purified Arabidopsis metabolite to synthesized L-N d -acetylornithine and a racemic D-L mixture. N d -acetylornithine, which has not been previously reported in Arabidopsis or other Brassicaceae, is distinct from N a -acetylornithine ( Figure 1A ; see Supplemental Figure 2 online), an intermediate in plant Arg and Pro metabolism that is found in most, perhaps all, plants (Verslues and Sharma, 2010) .
After treatment of with MeJA, N d -acetylornithine was detected in Arabidopsis leaves, stems, flowers, and roots ( Figure 1B ). Accumulation in rosette leaves peaked after 4 d and returned to undetectable levels by day 10 ( Figure 1C ), suggesting that there is also an N d -acetylornithine catabolic pathway in Arabidopsis. Other defense-related plant hormones were tested to determine whether they induce N d -acetylornithine accumulation. N d -acetylornithine abundance in leaves increased with increasing concentrations of exogenously added abscisic acid (ABA) ( Figure  1D ; see Supplemental Figure 3 online). By contrast, there was no detectable N d -acetylornithine after treatment with salicylic acid (SA) or the ethylene precursor 1-aminocyclopropane-1-carboxylate (ACC). SA inhibited the MeJA-induced production of N d -acetylornithine ( Figure 1E ), albeit only if it was applied 24 h before the MeJA. This is consistent with several prior studies showing antagonistic effects in plant defense induction and reduced effectiveness of MeJA elicitation once SA-mediated defenses are turned on (Thaler et al., 2002; Spoel et al., 2003; Mur et al., 2006) . The nonexpresser of pr genes1 (npr1), salicylic acid induction deficient1 (sid1), and phytoalexin deficient4 (pad4) mutations, which result in defects in SA-related defense signaling, had no significant effect on N d -acetylornithine induction by MeJA ( Figure 1F ). Furthermore, these mutants did not have any detectable N d -acetylornithine in the absence of MeJA elicitation. By contrast, there was no MeJA-induced N d -acetylornithine accumulation in the coronatine insensitive1-1 (coi1-1) mutant ( Figure 1F ), indicating that induction requires a functional COI1 receptor, similar to most other JA-mediated responses in Arabidopsis (Chini et al., 2007; Thines et al., 2007) .
Biosynthesis of N d -Acetylornithine from Other Amino Acids
The structure of N d -acetylornithine suggested that it could be synthesized from Arg, Glu, or Pro, with Orn as an intermediate ( As predicted, gas chromatography (GC)-MS analysis of N d -acetylornithine in MeJA-treated plants after the addition of 13 C-labeled precursor amino acids showed significant incorporation from Arg, Pro, and Glu ( Figure 2B ). Although the labeling results showed a direct conversion of the three amino acids into N d -acetylornithine, the multiple pathways leading to Orn formation (Figure 2A ) suggested that knockout of any one amino acid catabolic enzyme would not significantly reduce N d -acetylornithine accumulation. Consistent with this hypothesis, knockout mutations in either of the two Arabidopsis arginases (ARGININE AMINOHYDROLYASE1 [ARGAH1] and ARGAH2; Brownfield et al., 2008) did not decrease N d -acetylornithine abundance ( Figure 2C ). In fact, for as yet unknown reasons, the argah2 mutation increased MeJA-induced N dacetylornithine levels.
Orn Acetyltransferase Mutant Isolation and Characterization
Given the incorporation of five carbon atoms from Arg, Pro, and Glu into N d -acetylornithine, we hypothesized that there is an Orn N d -acetyltransferase in Arabidopsis that converts Orn into N d -acetylornithine (Figure 2A ). Analysis of publications reporting MeJA-regulated Arabidopsis gene expression showed elevated transcription of At2g39030, a member of the GNAT (Gcn5-related N-acetyltransferase) family of acetyltransferases (Vetting et al., 2005; Yan et al., 2007) . Publicly available DNA microarray data also showed that At2g39030 is induced by JA, ABA, mechanical wounding, and a variety of biotic stresses, including Myzus persicae (green peach aphid) and Pseudomonas syringae (www.genevestigator.com; Zimmermann et al., 2004) .
To determine whether At2g39030 encodes an Orn N d -acetyltransferase, we obtained the only available knockout line (GK-256F07; Rosso et al., 2003) . Presence of a homozygous T-DNA insertion and lack of mRNA was confirmed by PCR and quantitative real-time RT-PCR (qRT-PCR), respectively. The mutant had no obvious visible defects and initiated flowering at the same time as wild-type Col-0. However, in contrast with the wild-type controls, no N d -acetylornithine was found in GK-256F07 leaves ( Figure 3A) , stems, flowers, and roots after MeJA treatment, indicating that At2g39030 encodes an Orn N d -acetyltransferase. We named the At2g39030 gene NATA1 (for N-Acetyltransferase Activity1) and the GK-256F07 mutant allele nata1-1. At2g39020, a gene that is directly adjacent to NATA1 in the Col-0 genome, encodes a predicted protein that is 78% identical to NATA1 at the amino acid sequence level and is also annotated as a putative GNAT. Amino acid analysis of the only available At2g39020 T-DNA insertion line (Salk_092319; Alonso et al., 2003) showed no change in the MeJA-induced accumulation of N d -acetylornithine ( Figure 3A) .
The function of NATA1 in N d -acetylornithine biosynthesis was confirmed by complementing the nata1-1 mutation with a 35S:NATA1 construct, which caused constitutive production of N d -acetylornithine ( Figure 3B ). Although NATA1 overexpression decreased Orn and Pro levels and increased some other amino acids (see Supplemental Figure 5 online), there was no significant difference in the total free amino acid content between wild-type Col-0 and the 35S:NATA1 line. N d -acetylornithine also accumulated after transient NATA1 expression in Nicotiana benthamiana, which does not normally produce this amino acid ( Figure 3C ). By contrast, At2g39020 transient expression in N. benthamiana caused no detectable N d -acetylornithine accumulation. Together, these results confirmed that NATA1 functions in the biosynthesis of N d -acetylornithine in Arabidopsis.
NATA1 expression was induced by MeJA, with a significant, 20-fold increase observed within 1.5 h after treatment ( Figure 3D ) and a peak in transcript abundance after 24 h. Relative gene expression after 24 h in this experiment was quite high due to the very low, almost undetectable expression of NATA1 at the zerohour time point. Over a period of several days after MeJA treatment, NATA1 expression declined back to basal levels. This gene expression pattern was consistent with the observed changes in N d -acetylornithine accumulation after MeJA treatment ( Figure 1C ), but with the increase in gene expression preceding metabolite accumulation.
The requirement of a functional COI1 gene for N d -acetylornithine accumulation ( Figure 1F ) suggested that infection with P. syringae, which produces the JA-Ile mimic coronatine, should also induce N d -acetylornithine production. Coronatine itself induced N d -acetylornithine accumulation in a concentration-dependent manner ( Figure 4A ). Spray inoculation with two virulent bacterial isolates, P. syringae pv tomato DC3000 (DC3000) and P. syringae pv maculicola 4326 (Psm4326), also induced N d -acetylornithine production ( Figure 4A ). However, there was much lower N d -acetylornithine accumulation after similar inoculation with coronatinedeficient P. syringae mutants (Brooks et al., 2004; Cui et al., 2005) . Since coronatine inhibits stomatal closure, thereby facilitating successful P. syringae infection (Melotto et al., 2006) , these experiments were done under high humidity conditions, which promote stomatal opening and allow similar entry and growth of coronatine mutant and wild-type P. syringae. In the flagellin-sensitive2 (fls2) mutant background, where the stomatal closure response to P. syringae is compromised and coronatine is not required for entry (Zeng and He, 2010) , there was also reduced N d -acetylornithine induction by coronatine-mutant P. syringae (see Supplemental Figure 6 online). Inoculation of wildtype Col-0 with DC3000 avrRpt2 (Whalen et al., 1991) and DC3000 avrRpm1 (Century et al., 1995) did not cause N dacetylornithine accumulation ( Figure 4A ). Two possible explanations for this lack of induction are enhanced Arabidopsis SA production in response to avirulent P. syringae and reduced coronatine production due to the slower growth of these strains.
P. syringae strain DC3000 was able to grow on minimalmaltose medium with Glu, Orn, Pro, Arg, or N a -acetylornithine as the only nitrogen source ( Figure 4B ). However, there was no significant growth with N d -acetylornithine, showing that this amino acid cannot be used as a nitrogen source by P. syringae. When N d -acetylornithine was added to minimal medium containing Glu as a nitrogen source, there was no P. syringae growth inhibition ( Figure 4C ), indicating that N d -acetylornithine is not toxic or inhibitory. Further experiments were conducted in vivo to determine whether NATA1 activity affected bacterial growth in Arabidopsis. Compared with wild-type Col-0, P. syringae DC3000 grew significantly less well on nata-1 mutant plants ( Figure 4D ), suggesting that induction of NATA1 expression and N d -acetylornithine production by coronatine ( Figure 4A ) contributed to a successful bacterial infection.
Phloem Localization of N d -Acetylornithine
Previous research, including creation of a transgenic Arabidopsis line carrying a NATA1 promoter b-glucuronidase fusion, showed that this gene is expressed predominantly, though not exclusively, in phloem-associated tissue (Wenzel et al., 2008) . On a weight-normalized basis, the NATA1 transcript was more abundant in the midveins of MeJA-treated plants than in the leaf blades (P < 0.05, t test; Figure 5A ). N dacetylornithine was also abundant in phloem exudates collected from MeJA-treated Arabidopsis rosettes ( Figure 5B ), where it constituted 12% of the free amino acids released from cut stems. Since aphid stylectomy experiments showed 49 mM total amino acid content in Arabidopsis phloem (Zhu et al., 2005) , we estimated that there is 5.9 mM N d -acetylornithine in the phloem sap after MeJA elicitation. This concentration of N d -acetylornithine was higher than what we observed in assays of whole leaves and other Arabidopsis tissue ( Figures  1B to 1F ). MeJA elicitation in this experiment also caused a 24% decrease in exudation of the main phloem transport amino acids (Asn, Asp, Gln, and Glu; P < 0.01, t test; see Supplemental Figure 7 online), which together constitute ;70% of the total free amino acids in Arabidopsis phloem sap (Zhu et al., 2005) . (A) N d -acetylornithine accumulation in wild-type Col-0 4 d after treatment with coronatine, coronatine-producing and nonproducing (Cor-) P. syringae strains Psm4326 and DC3000, and DC3000 carrying the avirulence genes avrRpt2 and avrRpm1. Mean 6 SE of n = 5, *P < 0.05, t test relative to control. (B) Growth of P. syringae DC3000 in minimal maltose medium with 2 g L À1 of a single amino acid as the nitrogen source. Mean 6 SE of n = 3. (C) Growth of P. syringae in minimal maltose medium with 0, 10, 100, 250, or 500 mM N d -acetylornithine and 2 g L À1 Glu as the nitrogen source. Mean 6 SE of n = 3. (D) Growth of P. syringae DC3000 infiltrated into Col-0 wild-type and nata1-1 mutant leaves. CFU, colony-forming units. Numbers in bars indicate sample sizes 6 SE. **P < 0.01, t test.
N d -Acetylornithine Effects on Insect Herbivory
Given the abundance of N d -acetylornithine in Arabidopsis phloem exudates ( Figure 5B ), we predicted that this amino acid would also be ingested by phloem-feeding M. persicae. This was confirmed through amino acid analysis of whole aphids, which contained N d -acetylornithine after short-term (24 h) feeding from MeJA-induced Col-0 but not after feeding from uninduced plants ( Figure 5B ). Longer infestation with M. persicae induced both NATA1 gene expression ( Figure 5C ) and N d -acetylornithine accumulation ( Figure 5D ).
To determine whether there was a direct toxic or deterrent effect on M. persicae, we added N d -acetylornithine to an artificial diet that also contained the 20 protein amino acids. This caused a significant reduction in M. persicae progeny production ( Figure  5E ) at N d -acetylornithine concentrations that are comparable to those that we have observed in phloem exudates. Similarly, exogenous addition of N d -acetylornithine to nata1-1 leaves via their petioles ( Figure 5F ) significantly reduced aphid reproduction. However, in this detached-leaf experiment, N d -acetylornithine addition may also affect aphid reproduction through the reduced abundance of three amino acids (Gly, Arg, and Thr) in the treated leaves relative to controls (see Supplemental Figure 8 online). As a percentage of total amino acid content, N d -acetylornithine was 5.9-fold more abundant in the honeydew of M. persicae than in the artificial diet from which they were feeding (0.5 mM N d -acetylornithine = 0.29% of total amino acids in the artificial diet; 1.7% 6 0.3% N d -acetylornithine in the honeydew; mean 6 SE of n = 3; P < 0.05, t test). This indicated that N dacetylornithine was taken up and/or metabolized less efficiently than the 20 protein amino acids the aphid diet. Consistent with this observation, addition of Orn or Gln, but not N d -acetylornithine, as the only nitrogen source in artificial diet increased aphid progeny production relative to a Suc-only control diet (see Supplemental Figure 9 online).
Prior work showed that MeJA treatment significantly decreases M. persicae reproduction on Arabidopsis (Ellis et al., 2002) . This effect was confirmed with our M. persicae strain on flower stalks of wild-type Col-0 ( Figure 5G ). However, on nata1-1 mutant plants, there was no significant reduction in M. persicae reproduction due to MeJA treatment, which suggested that NATA1 plays a role in defense against aphids. Transient expression of NATA1 from the 35S promoter in tobacco (Nicotiana tabacum) caused N d -acetylornithine accumulation and decreased M. persicae progeny production relative to vector-only controls ( Figure 5H ). However, stable transgenic expression of the same construct in wild-type Col-0 or nata1-1 mutant Arabidopsis did not have a measureable effect ( Figure 5I Feeding by two lepidopteran herbivores, Pieris rapae (white cabbage butterfly) and Plutella xylostella (diamondback moth), induced NATA1 transcription ( Figure 6A ) and N d -acetylornithine accumulation ( Figure 6B ). However, the nata1-1 mutation did not affect P. rapae ( Figure 6C ) or P. xylostella ( Figure 6D ) caterpillar growth.
Metabolic Changes Associated with the nata1-1 Mutation
Since glucosinolates have been implicated in Arabidopsis defense against both P. syringae and M. persicae (Bednarek et al., 2005; Kim and Jander, 2007; Clay et al., 2009; De Vos and Jander, 2009; Pfalz et al., 2009; Fan et al., 2011) , we hypothesized that the nata1-1 mutation might alter glucosinolate accumulation. However, basal glucosinolate abundance was not changed in nata1-1 compared with wild-type Col-0 (see Supplemental Figure 10 online). Similar glucosinolate increases were also observed in nata1-1 and Col-0 after MeJA treatment, which indicated that the mutant is not compromised in this component of the Arabidopsis defense response.
To identify other metabolic changes associated with NATA1 gene expression, we conducted GC-MS metabolite profiling of wild-type Col-0 and nata1-1, with and without MeJA treatment. Our assay detected 290 Arabidopsis metabolites, 73 of which were identified based on molecular standards (see Supplemental Data Set 1 online). In the absence of MeJA treatment, the metabolite abundance in Col-0 and nata1-1 was similar ( Figure  7A ; see Supplemental Data Set 1 online), as would be expected from the very low basal NATA1 expression ( Figure 3D ). Treating wild-type Col-0 with MeJA decreased the abundance of 133 metabolites, including free amino acids, sugars, and tricarboxylic acid cycle intermediates (triangles in Figure 7B ; see Supplemental Data Set 1 online). There were 24 MeJA-induced metabolites detected in the MS assay (circles in Figure 7B ), none of which had a known identity. By contrast, fewer metabolites were significantly altered (35 induced and 32 repressed; P < 0.01, t test) by MeJA treatment of the nata1-1 mutant ( Figure  7C ; see Supplemental Data Set 1 online). Agmatine, putrescine, and spermidine were induced by MeJA in the nata1-1 mutant but not in wild-type Col-0 (see Supplemental Figure 11 online). Most other metabolites that were altered by MeJA in Col-0 were affected to a lesser extent in nata1-1 ( Figure 7D ; see Supplemental Data Set 1 online). For instance, free Phe was reduced by 90% in Col-0 and 50% in nata1-1, and free Gln was reduced by 98% in Col-0 and 80% in nata1-1 by MeJA treatment. Since free amino acids as a source of nitrogen are of particular importance to aphid feeding (Wilson et al., 2010) , these were measured in an independent assay (HPLC fluorescence detection) and were found to be significantly less repressed by MeJA in the nata1-1 mutant than in wild-type Col-0 (see Supplemental Figure 12 online). Although MeJA-induced metabolite changes were attenuated in Figure 6 . NATA1 Effects on P. rapae and P. xylostella Growth.
(A) NATA1 gene expression 3 d after one neonate caterpillar was placed on a 3-week-old Arabidopsis plant. Gene expression on control plants without caterpillars was set to 1. Table 1 online) showed MeJA-induced production of N d -acetylornithine in every case. We also found MeJA-induced N d -acetylornithine accumulation in two other Arabidopsis species, as well as in Capsella rubella and Boechera stricta ( Figure  8A ). No N d -acetylornithine production was found in other tested Brassicaceae: Barbarea vulgaris, Brassica oleracea, Brassica rapa, Camelina sativa, Crucihimalaya lasiocarpa, Olimarabidopsis pumila, Sisymbrium irio, Thellungiella parvula, and Thellungiella salsuginea (see Supplemental Table 2 online). Analysis of publicly available sequence data (see Supplemental Data Set 2 online) and construction of a phylogenetic tree based on the predicted protein sequences showed likely At2g39020 homologs in several other Brassicaceae, but NATA1 homologs were found only in the genomes of C. rubella and Arabidopsis lyrata ( Figure 8B ). As in Arabidopsis, the NATA1 and At2g39020 homologs in the C. rubella and A. lyrata genomes were found to be tandem duplications, with the two genes ;80% identical in their predicted amino acid sequences.
Although N d -acetylornithine has been reported in some grasses (Fowden, 1958) , we were unable to detect it in Zea mays, Oryza sativa, Brachypodium distachion, and Setaria viridis. Tested solanaceous species (Solanum tuberosum, Solanum lycopersicum, N. tabacum, and N. benthamiana) did not produce N d -acetylornithine, with or without MeJA treatment. Consistent with reports of N d -acetylornithine in the seeds of other legume species (Brown and Fowden, 1966; Zacharius, 1970; Kite and Ireland, 2002) , Medicago truncatula cv Jemalong had 0.035 6 0.003 nmol/gram N d -acetylornithine in the seeds. There was no 
DISCUSSION
By finding N d -acetylornithine and an acetyltransferase (NATA1, At2g39030) that synthesizes this nonprotein amino acid in Arabidopsis, we identified a new MeJA-inducible defense response. NATA1 likely contributes in more than one way to the induced M. persicae resistance that we and others have observed. Our experiments with N d -acetylornithine added to aphid artificial diet ( Figure 5E ) and Arabidopsis leaves ( Figure 5F ) suggest a direct toxic or deterrent effect. However, NATA1 likely also enhances aphid resistance by converting essential phloem amino acids into a form that the insects cannot utilize.
Different resource utilization by aphids, caterpillars, and P. syringae may account for the differential effects of the nata1-1 mutation on these organisms. Whereas aphids depend on nutrients from phloem sap, which contains nitrogen mostly in the form of free amino acids, caterpillars and P. syringae benefit from the much more abundant protein-bound amino acids and other forms of nitrogen in whole plant tissue. Arabidopsis foliage has 70 mg nitrogen/g dry weight (Lemaître et al., 2008) , but only ;2% (1.5 mg nitrogen/g dry weight) is in the form of free amino acids (Lam et al., 2003; Lemaître et al., 2008) . Therefore, changes in the abundance of free amino acids, such as those observed due to the nata1-1 mutation (see Supplemental Figure 12 online), would be have a bigger effect on aphids than on caterpillars and P. syringae.
Metabolic differences between aphids and caterpillars may also influence the effects of N d -acetylornithine on insect herbivory. Insects lack Orn transcarbamylase ( Figure 9 ) and are unable to synthesize Arg from Orn (Reddy and Campbell, 1977; Adams et al., 2000; Honeybee Genome Sequencing Consortium, 2006; Richards et al., 2008) . If plant arginase already makes Arg unavailable for insects (Chen et al., 2005) , then subsequent conversion of Orn to N d -acetylornithine might not provide any additional defensive benefit. Although aphids lack all of the enzymes of the urea cycle ( Figure 9 ; Wilson et al., 2010) , they have obligate endosymbiotic bacteria in the genus Buchnera that can produce Arg from Orn (Shigenobu et al., 2000) . Therefore, conversion of Arg, Pro, and Glu to N d -acetylornithine ( Figure 2B ) would make nitrogen in phloem sap less available for aphids.
Observations of reduced M. persicae growth after MeJA treatment (Ellis et al., 2002) and improved growth on a coi1 mutant relative to the wild type (Mewis et al., 2005) show that the JA signaling pathway contributes to aphid defense in Arabidopsis. However, although caterpillar herbivory strongly induces This metabolic cycle is incomplete in insects due to lack of Orn transcarbamylase, thereby preventing synthesis of Arg from Orn. Aphids lack all enzymes of the urea cycle but contain endosymbiont Buchnera bacteria that are capable of Arg biosynthesis from Orn.
JA-related genes, this is not the case for aphid feeding (BidartBouzat and Kliebenstein, 2011). These differences in JA induction likely cause greater N d -acetylornithine accumulation in response to caterpillars ( Figure 6B ) than aphids ( Figure 5D ) and may represent active suppression of JA-regulated defenses by phloem-feeding insects (Zarate et al., 2007) . ABA-regulated NATA1 expression also causes elevated N d -acetylornithine accumulation ( Figure 1D ). Publicly available microarray data show overlapping gene expression patterns induced by aphid feeding and ABA (www.genevestigator.com; Zimmermann et al., 2004) , and heavier aphid infestation of Arabidopsis induces wilting that could lead to ABA-regulated gene expression changes.
Several prior studies show that coronatine promotes P. syringae growth on Arabidopsis and tomato (Feys et al., 1994; Kloek et al., 2001; Zhao et al., 2003; Cui et al., 2005; Laurie-Berry et al., 2006; Uppalapati et al., 2007 Uppalapati et al., , 2008 Uppalapati et al., , 2011 Ferná ndezCalvo et al., 2011) . Although induction of JA-regulated gene expression by coronatine likely suppresses SA-mediated plant defenses, other molecular mechanisms that connect COI1 to increased P. syringae growth remain unknown. Our observation of improved P. syringae growth in the nata1-1 mutant background ( Figure 4D ) suggests that some of the observed NATA1-requiring metabolic changes (Figure 7) contribute to pathogen resistance. However, more direct effects on Orn-related metabolism also may be relevant for P. syringae virulence. WIN1 (At1g80600), a predicted N a -acetylornithine transaminase, interacts directly with the P. syringae effector HopW1-1, and WIN1 overexpression prevents elicitation of Arabidopsis defenses by HopW1-1 and other P. syringae effectors (Lee et al., 2008) .
In proceeding from the discovery of N d -acetylornithine, a previously unknown Arabidopsis metabolite, to the elucidation of a biosynthetic pathway and defense-related functions, we applied several of the excellent genetic and genomic resources that are available for Arabidopsis. Many recent studies of Arabidopsis defense mechanisms started with the identification of defense-related gene expression or mutants to identify new metabolites and signaling pathways. However, given the wellannotated Arabidopsis genome and extensive gene expression data sets, it now may be easier to move from identifying a novel plant metabolite to the discovery of a previously unknown enzymatic activity than vice versa. Our results, which have implications for research on both plant-pathogen and plantherbivore interactions, provide new insight into the induction of biotic stress responses in plants.
METHODS
Plants and Growth Conditions
Seeds of Arabidopsis thaliana accessions (see Supplemental Table  1 Alonso et al., 2003) and argah2-1 (SAIL_181_C11; Sessions et al., 2002) were from C. Todd (University of Saskatchewan, Saskatoon, Canada; Flores et al., 2008) . Homozygous fls2 mutant seeds were supplied by S. He (Michigan State University, East Lansing, MI; Zeng and He, 2010) . Arabidopsis coi1 (Feys et al., 1994) , npr1 (Cao et al., 1994) , sid1 (Nawrath et al., 2002) , and pad4 (Glazebrook et al., 1996) mutants were obtained from F. Ausubel (Massachusetts General Hospital, Boston, MA). The T-DNA insertion lines GK-256F07 (nata1-1; Rosso et al., 2003) and SALK_092319 (At2g39020 mutation; Alonso et al., 2003) were obtained from the ABRC. All plants were grown in Cornell mix (by weight 56% peat moss, 35% vermiculite, 4% lime, 4% Osmocoat slow-release fertilizer [Scotts] , and 1% Unimix [Peters]) in 20 3 40-cm nursery flats in Conviron growth chambers with a photosynthetic photon flux density of 200 mmol m 22 s 21 and a 16-h photoperiod at 238C with a 50% relative humidity.
Isolation and Purification of N d -Acetylornithine
Five-week-old Arabidopsis plants were sprayed with 0.45 mM MeJA, and ;620 g leaves were harvested, frozen with liquid nitrogen, and homogenized in 1.5 liters of 80% methanol. The extract was concentrated by evaporation and partitioned with dichloromethane. The aqueous fraction was passed through DEAE-Sephadex A-25 column to extract the glucosinolate fraction for a separate experiment. The eluate from the Sephadex A-25 was then passed through a packed column of Dowex-50WX8-200 ion-exchange resin. The column was washed repeatedly with water, and amino acids were eluted with 200 mL 4 N NH 4 OH followed by 100 mL water. Pooled eluate was lyophilized to leave 237 mg extract, which was then dissolved in 3 mL triethylamine (TEA) solution (2:2:1 of ethanol:water:TEA). The extract was then derivatized for 30 min in 1.26 mL phenylisothiocyanate (PITC) solution (980 mL ethanol, 70 mL water, 70 mL TEA, and 140 mL PITC). The reaction mixture was concentrated to dryness, taken up in 400 mL TEA solution, and concentrated to dryness again, leaving 680 mg residue. The extract was successively fractionated with Sephadex-LH-20 and RP18 packed columns and eluted with 95:5 water:methanol. The fraction containing the target compound, retention time = 29.90 min, was tracked by HPLC-DAD (Waters 2695 pump system and 996 diode array detector) using an RP18 column (Nova-Pak). HPLC Solvent A was 140 mm sodium acetate with 0.05% TEA (final pH adjusted to 6.33 with acetic acid). Solvent B was 60% acetonitrile. The gradient used was as follows: 0 to 10 min, 99% A; 10 to 35 min, linear gradient to 65% A; 35 to 40 min, 65% A; 40 to 42 min, linear gradient to 100% B; 42 to 44 min, 100% B. Further purification was achieved using a Lichrosphere column with water and acetonitrile as solvents to produce 1.1 mg of the target compound. For the HPLC runs (Lichrosphere column: 5 RP-18, ECAP 250, 4.6-mm inside diameter, 5-mm particle size) the mobile phases were A, water, and B, 90% acetonitrile, at a flow rate of 1.1 mL min 21 at 238C. Column linear gradients for the samples were as follows: 0 to 1 min 75% A; 1 to 10 min, 60% A; 10 to 20 min 40% A; 20 to 30 min, 25% A; 30 to 35 min, 0% A; 35 to 40 min, 75% A.
The purified compound was analyzed by NMR. The (+ve)-ESI-MS spectrum showed an abundant molecular ion [M+PITC+Na] + peak at 332, in addition to 175 [M+H-PITC] + and 310 [M+H+PITC] + . In (-ve)-ESI-MS mode, the molecular ion was also detected with a peak [M+PITC-H] 2 at mass-to-charge ratio (m/z) 308 in addition to 173 [M-H-PITC] 2 . Therefore, a molecular weight of 174 was assigned to the isolated compound. From the 1 HNMR, HMBC, and ESI-MS data, the isolated compound was assigned the structure of N d -acetylornithine. To further confirm the assigned structure, the isolated compound was compared with all possible acetylated products obtained after the treatment of L-Orn with glacial acetic acid and acetic acid anhydride after PITC derivatization. The isolated compound coeluted with N d -acetylornithine (retention time = 29.90 min.). Optical rotation measurements to determine whether Arabidopsis N d -acetylornithine has the L or D configuration were performed with a Polarimeter 241 (Perkin-Elmer) at 589 nm at 208C using a sodium lamp.
Synthesis of N d -Acetylornithine
N d -Acetylornithine was synthesized from L-Orn and 4-nitrophenyl acetate (Leclerc and Benoiton, 1968) . L-Orn monohydrochloride (0.5 g, 5.95 mmol) was dissolved in 5 mL water, and the pH was adjusted to 11 with 2 M NaOH. 4-Nitrophenyl acetate (1.07 g, 11.9 mmol) was then added and the mixture was stirred on ice. The mixture was stirred at room temperature for 4 h, concentrated to dryness with a Rotavap evaporator (Buchi), dissolved in 2 mL water, and partitioned repeatedly with ethyl acetate. The aqueous fraction containing the target compound was concentrated to dryness and redissolved in water followed by treatment with 0.1 M HCl to pH 4, until the mixture became colorless. Ethanol was added to the mixture and the precipitate was filtered with Buchner funnel to give a white precipitate ( 
Amino Acid Assays
For analysis of leaf amino acids, 100 mg of plant tissue was frozen in liquid nitrogen in 2-mL microcentrifuge tubes and ground to fine powder with 3-mm steel beads using a Harbil model 5G-HD paint shaker. Ground tissue was taken up in 20 mM HCl (10 mL/mg of tissue), the extracts were centrifuged at 3800g for 20 min at 238C, and the supernatant was saved for analysis. Phloem sap was collected from rosettes of 3-week-old Col-0 plants sprayed with water or 0.45 mM MeJA treatment. Roots were cut from the rosettes, leaving 1 mm of the shoot tissue, and put in 100 mL of 15 mM EDTA solution, pH 7.7, for 4 h in the dark with high humidity. Fifteen samples were pooled for each replicate of the experiment. For analysis of N d -acetylornithine uptake, nata1-1 leaf petioles were immersed in N dacetylornithine solutions in a 1.5-mL microcentrifuge tube for 24 h prior to tissue harvest. The petiole and other portions of the leaf that were immersed in the N d -acetylornithine solution were not used for the amino acid analysis. For the measurement of N d -acetylornithine in aphid bodies, aphids were collected from Col-0 plants treated with water or MeJA and transferred into a 2 mL centrifuge tube containing three 3-mm steel balls. The aphids were homogenized and extracted with 20 mM HCl. For aphid honeydew collection, ;50 aphids were placed on artificial diet with and without N d -acetylornithine for 4 d, and honeydew was collected on aluminum foil. The aluminum foil was washed with 80% methanol to extract amino acids. The methanolic extract was concentrated to dryness a SpeedVac rotary evaporator and then redissolved in 40 mL 20 mM HCl.
Amino acids were derivatized with 6-aminoquinolyl-N-hydroxysuccinimidylcarbamate using an AccQ-Fluor reagent kit (Waters). For derivatization, 5 mL extracts were mixed with 35 mL borate buffer and the reaction was initiated by the addition of 10 mL 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate reagent, followed by immediate mixing and incubation for10 min at 558C. Ten microliters of each sample were injected onto a Nova-Pak C18 column using a Waters 2695 pump system, and the data were recorded using Waters' Empower Software. L-Norleucine was used as an internal standard. Eluted amino acid derivatives were detected using a Waters model 2475 fluorescence detector with an excitation wavelength of 250 nm and an emission wavelength of 395 nm. Solvent A (containing sodium acetate and TEA at pH 5.05) was purchased premixed from Waters; Solvent B was acetonitrile:water (60:40). The gradient used was 0 to 0.01 min, 100% A; 0.01 to 0.5 min, linear gradient to 3% B; 0.5 to 12 min, linear gradient to 5% B; 12 to 15 min, linear gradient to 8% B; 15 to 45 min, 35% B; 45 to 49 min, linear gradient to 35% B; 50 to 60 min, 100% B. Flow rate was 1.0 mL min 21 .
Glucosinolate Assays
Leaves of 3-week old Col-0 wild-type nata1-1 Arabidopsis, with or without MeJA treatment, were collected and lyophilized. Extraction of plant tissue and preparation of desulphoglucosinolates was done as described previously (Kim et al., 2004; Barth and Jander, 2006) . Desulphoglucosinolates were separated using a Waters 2695 HPLC and detected using a Waters 2996 photodiode array detector. For HPLC separation, the mobile phases were A, water, and B, 90% acetonitrile, with a flow rate of 1 mL/min at 238C. Column linear gradients for samples were: 0 to 1 min, 98% A; 1 to 6 min 94% A; 6 to 8 min, 92% A; 8 to 16 min, 77% A; 16 to 20 min, 60% A; 20 to 25 min, 0% A; 25 to 27 min hold 0% A; 27 to 28 min, 98% A; 28 to 37 min, 98% A.
MeJA, SA, ACC, ABA, and Coronatine Induction
The leaves of 4-week-old Arabidopsis plants were sprayed with aqueous solution containing 0.01% (v/v) Tween 20, supplemented with each of 0.45 mM SA, 0.45 mM MeJA, 0.45 mM ACC, and 0.1 mM ABA, a combination of both SA and MeJA, 1 mM coronatine, or 10 mM coronatine. Control plants were treated with 0.01% Tween 20 only. Controls for MeJA treatment also contained 0.03% acetone. Plants were covered and harvested 4 d after elicitation (or at multiple times for a time course of induction) and immediately frozen in liquid nitrogen. Pulverized plants were extracted with 20 mM HCl, and amino acids were analyzed as described above.
For time-course experiments, 2-week-old Arabidopsis plants were treated with 0.45 mM MeJA, and leaves were harvested after 0 to 15 d. Leaves were frozen in liquid nitrogen and stored at 2808C before amino acid analysis as described above. For a separate experiment, the whole aerial parts were cut just above the root and weighed.
Stable Isotope Labeling Experiments
Petioles of a detached Col-0 leaves from 4-week-old plants were inserted into 1.5 mL microcentrifuge tubes containing 5 mM labeled amino acid ([ 13 C 5 ]Glu, [ 13 C 6 ]Arg, and [ 13 C 5 ]Pro) in water. In the case of Glu, 0.01% NaOH was used to aid solubility. Control leaves were treated with water only and allowed to stand for 12 h. After 12 h, leaves were sprayed with 0.45 mM MeJA. Leaf samples were covered and allowed to stand for 3 d. Three leaves receiving the same treatment were combined as one replicate for derivatization and GC-MS analysis of amino acids, as described above.
Amino acid analysis by GC-MS was performed as described previously (Joshi and Jander, 2009 ) with minor modifications. Single leaves harvested from Arabidopsis Col-0 wild type and nata1-1 mutant at the same developmental stages were used. Leaves were frozen in liquid nitrogen in 2-mL tubes and ground to fine powder with 3-mm steel beads using a Harbil model 5G-HD paint shaker. Ground tissue was taken up in 20 mM HCl (1 mL per leaf tissue), the extracts were centrifuged at 4000g for 20 min at 238C, and the supernatant leaf acid extracts were applied to Dowex-50 columns (0.6 mL). These were eluted individually with 6 M NH 4 OH (1 mL). Fractions were combined, and solutions were concentrated to 200 mL with a rotary evaporator. These extracts were then completely dried under nitrogen flow, with heating at 708C. Methoxyamine hydrochloride in anhydrous pyridine (50 mL, 15 mg mL 21 ) was added to the residue and the sample was heated at 308C for 90 min. A volume of 90 mL N-methyl-N-(trimethylsilyl)trifluoroacetamide + 1% trimethylchlorosilane was then added, and the sample was heated for a further 30 min at 708C. GC-MS analysis was performed using a Varian 1200L GC-MS with a DB-17 ms capillary column. Spectra of known amino acids were assigned by reference to an in-house spectral library and the NIST library.
Confirmation of T-DNA Insertions and Expression of Transgenes
Homozygous T-DNA insertions in NATA1 (GK-256F07; Rosso et al., 2003) and At2g39020 (Salk_092319; Alonso et al., 2003) were confirmed by PCR using a previously outlined strategy using three primers to amplify both the insertion junction and the genomic DNA without an insertion (http://signal.salk.edu/tdnaprimers.2.html) and primers described in Supplemental Table 3 online. PCR reactions were run using Taq DNA polymerase (Fisher) under the following conditions: 958C for 5 min, 40 cycles of 958C for 1 min, 558C for 1 min and 728C for 1 min, followed by 728C for 10 min.
For transgenic expression, NATA1 and At2g39020 were cloned behind the cauliflower mosaic virus 35S promoter in the T-DNA binary vector pMDC32 (Curtis and Grossniklaus, 2003) using the Gateway recombination system (Invitrogen), and inserts were confirmed by DNA sequencing. Stable Arabidopsis p35S:NATA1 transgenics were made by dipping transformation with Agrobacterium tumefaciens strain GV3101 (Clough and Bent, 1998) . Seeds collected from transformed Arabidopsis plants were selected on agar containing 40 mg mL 21 hygromycin, and transgene expression was confirmed by qRT-PCR. The same T-DNA plasmids in GV3010 were used for transient expression of NATA1 and At2g39020 in tobacco (Nicotiana benthamiana and Nicotiana tabacum) by Agrobacterium infiltration (Voinnet et al., 1998) . Agrobacterium was cultured overnight at 308C in Luria-Bertani (LB) broth supplemented with 50 mg mL 21 rifampicin, 25 mg mL 21 gentamycin, and 100 mg mL 21 kanamycin. Bacterial cultures were centrifuged at 8000g, washed three times with sterile water, and resuspended in sterile water to 0.2 3 10 8 colony-forming units/mL. Cultures were mixed with Agrobacterium (0.1 3 10 8 /mL) carrying T-DNA constructs expressing the turnip crinkle virus capsid protein (P38; Thomas et al., 2003) to reduce expression silencing. N. benthamiana or N. tabacum leaves (four leaves per plant) were infiltrated with 1 mL bacterial solution using a 1 mL syringe. Excess bacterial solution was wiped off with paper towel. Three days after infiltration, leaf plugs (8-mm diameter) were collected to confirm expression of the transgenes by qRT-PCR.
qRT-PCR
Total RNA was extracted from frozen tissue samples using the SV Total RNA Isolation system with on-column DNase treatment (Promega). RNA integrity was verified using a 1.2% formaldehyde agarose gel (Sambrook et al., 1989) . Transcript abundance of NATA1 was analyzed with qRT-PCR, using eEF1-a (elongation factor 1-a, At5g60390) as an internal standard. eEF1-a was identified from publicly available microarray data as constitutively expressed before and after herbivory, and stable expression was verified across samples using qRT-PCR. After RNA extraction and DNase treatment, 1 mg of total RNA was reverse transcribed with SMART MMLV reverse transcriptase (Clonetech) using oligo-dT 12-18 as a primer. Gene-specific primers used for qRT-PCR were designed using Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) with the following criteria: temperature of 608C, PCR amplicon lengths of 90 to 150 bp, primer sequences with lengths of 18 to 24 nucleotides with an optimum at 21 nucleotides, and GC contents of 40 to 60%. Primers for amplifying NATA1 and eEF1-a are described in Supplemental Table 3 online. Reactions were performed using 5 mL of the SYBR Green PCR master mix (Applied Biosystems), with 800 nM of primer, in the 7900HT instrument (Applied Biosystems). The PCR was initiated by incubation at 958C for 10 min to activate the enzyme. Then the following cycle was repeated 40 times: 958C for 15 s, 608C for 15 s, and 728C for 15 s. The C T values were quantified and analyzed according to the standard curve method.
GC-MS Metabolomics
For metabolomic analysis, 3-week-old wild-type and nata1-1 mutant plants treated with water or 0.45 mM MeJA. After 4 d, 6.5-mm disks was taken from the central part of the first and second adult leaves of each plant. The two disks were combined and stored into a 2-mL microcentrifuge tubes put on ice. One milliliter of prechilled extraction buffer (acetonitrile:isopropanol:water [3:3:2]) and one metal ball were added to the sample. Plant tissue was macerated briefly for 30 s using a Harbil model 5G-HD paint shaker. Extracts were centrifuged at 4000g for 2 min at 48C. Supernatants from each sample (400 mL) were transferred into new 2-mL tubes and stored at 2808C until automated derivatization and GC-TOF-MS analysis at the UC Davis Genome Center Metabolomics Facility (http://metabolomics-core.ucdavis.edu/; Fiehn et al., 2005) . Metabolite identity was determined by comparing retention time and mass to the UC Davis Genome Center Metabolomics Facility metabolites database (http://fiehnlab.ucdavis.edu/Metabolite-Library-2007/; Fiehn et al., 2005) . This library contains reference spectra for 713 known metabolites, generated by the analysis of purified reference compounds. Metabolites not contained within this library are listed as unknown or unidentified metabolites. After analysis, samples were subject to quality control by further analysis of samples with internal standard values >3 s from the experimental mean within a given experiment, suggesting faulty derivatization or GC-TOF analysis of that specific sample.
Bacterial Bioassays
Pseudomonas syringae strains were supplied by H.G. Kang (Boyce Thompson Institute, Ithaca, NY; DC3000 AvrRpt2 and DC3000 AvrRpm1), C. Danna (Massachusetts General Hospital, Boston, MA; Psm4326 and Psm4326 Cor-), and N. Clay (Yale University, New Haven, CT; PstDC3000 and PstDC3000 Cor-). For assays of N d -acetylornithine production in Arabidopsis, P. syringae was cultured at 308C in LB broth. Bacteria were centrifuged and resuspended in water at an OD 600 of 0.2. Bacterial suspensions containing 0.01% Tween 20 were sprayed on Arabidopsis plants. Control plants are sprayed with water containing 0.01% Tween 20 only. After 4 d, infected leaves were collected for amino acid analysis as described above.
For in vitro growth experiments, P. syringae strain DC3000 was cultured at 308C in modified mannitol-glutamate medium (Kean et al., 1970 ; per liter: 10 g mannitol, 2 g L 21 Glu, 0.5 g KH 2 PO 4 , 0.2 g NaCl, 0.2 g MgSO 4 -7H 2 O; pH adjusted to 7.0 with 3 N NaOH prior to autoclaving). To test growth with other amino acids as nitrogen sources, Glu was replaced successively with 2 g L 21 Arg, Pro, Orn, N a -acetylornithine, and N dacetylornithine. Cultures were inoculated by diluting a fresh overnight culture of P. syringae 1:100 (50 mL into 5 mL). OD 600 was measured at 0, 14, 48, and 72 h after treatment. For growth inhibition experiments, cultures were grown in minimal medium with 2 g L 21 Glu and 0, 10, 100, 250, or 500 mM N d -acetylornithine.
For in planta growth experiments, P. syringae PstDC3000 was cultured at 308C in LB broth supplemented with 50 mg mL 21 rifampicin, centrifuged, resuspended in sterile water, and diluted to a concentration of 10 5 colony-forming units/mL. Col-0 wild-type and nata1-1 leaves were infiltrated with 0.2 mL bacterial solution using a 1-mL syringe. Excess bacterial solution was wiped off with paper towel. Leaf plugs (8-mm diameter) were collected at 0, 2, and 4 d after infiltration. Leaf discs were floated in 1 mL sterile water with 0.01% Tween 20 on a shaker for ;2 h.
Ten-microliter samples of a bacterial dilution series were spotted on an LB agar plate containing 50 mg mL 21 rifampicin and incubated at 308C. Bacterial colonies were counted after 2 d, and the concentration of bacteria in the leaf plugs was calculated.
Caterpillar Bioassays
The Pieris rapae were from a colony maintained by the Jander laboratory, which is descended from 20 adult insects collected in the wild on the Cornell University campus in July, 2008. Plutella xylostella eggs were obtained from Benzon Research. Neonate caterpillars were confined on the leaves of 3-week-old wild-type and nata1-1 plants using meshcovered cups. P. rapae were allowed to feed on plants for 7 d before harvesting. P. xylostella were harvested after pupation. Caterpillars and pupae were lyophilized and dry weight was determined using a precision balance (Sartorius). Mutant and wild-type leaves infested by caterpillar were also collected for amino acid analysis as described above.
Aphid Bioassays
Artificial diet for Myzus persicae fecundity assays consisted of Suc (440 mM) and 20 amino acids (Ala, 10 mM; Arg, 16 mM; Asn, 20 mM; Asp, 10 mM; Cys, 3.3 mM; Glu, 10 mM; Gln, 10 mM; Gly, 10 mM; His, 10 mM; Ile, 6 mM; Leu, 6 mM; Lys, 10 mM; Met, 5 mM; Phe, 3 mM; Pro,7 mM; Ser, 10 mM; Thr, 12 mM; Trp, 4 mM; Tyr, 2 mM; Val, 7 mM). Zero, 0.1, 0.5, 5, or 10 mM N dacetylornithine was added to the diet. For experiments with a single amino acid as the nitrogen source, Orn, Glu, and N d -acetylornithine were added at 10 mM concentration to 440 mM Suc. One wingless adult aphid was placed in a 30-mL plastic cup that was covered with a Parafilm sachet containing 100 mL of the liquid diet. Aphid nymphs were counted after 4 d.
M. persicae reproduction was compared on Arabidopsis Col-0 wild type and nata1-1, with and without MeJA treatment. Plants were covered after MeJA application for 48 h. The cover was then removed 48 h prior to the caging aphids on Arabidopsis flower stalks or rosette leaves. Plant trays with and without MeJA were separated and covered to prevent volatiles induced by MeJA from eliciting defenses in control plants. Aphid progeny production was recorded after 7 d. For N. tabacum experiments, aphids were caged on individual leaves in the area where Agrobacterium constructs had been infiltrated 3 d previously, and progeny production was assessed 7 d later.
To assess effects of exogenously added N d -acetylornithine, petioles from mature leaves of 4-week-old nata1-1 plants were inserted in 1.5-mL microcentrifuge tubes containing 0, 0.1, or 0.5 mM N d -acetylornithine in water. After 24 h, one aphid was placed on each individual leaf, and aphid progeny production was recorded after 4 d.
Sequence Alignment and Phylogenetic Tree Generation
Arabidopsis NATA1 homologs in the Brassicaceae (Arabidopsis lyrata, Brassica rapa, Brassica napus, Raphanus raphanistrum, and Capsella rubella) were obtained by comparison to genomic and EST data in GenBank. The closest NATA1 homolog of Carica papaya in the Caricaeae, a related family in the Brassicales, was used as an outgroup. Multiple sequence alignment of translated protein sequences was performed with ClustalW (Larkin et al., 2007) . Programs in the PHYLIP version 3.6 software package (Felsenstein, 2005) were used to create a phylogenetic tree. The SEQBOOT function was used to make 1000 bootstrapped data sets. PROMLK was used to construct rooted phylogenetic trees, using the parameters search for the best tree, Jones-Taylor-Thornton probability model, one category of substitution rates, constant rate variation among sites, no global rearrangement, no weighted sites, and randomization of input sequences. A rooted consensus tree was made with CONSENSE using the majority rule (extended) parameter.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At2g39030 (NATA1), At2g39020, At4g08900 (ARGAH1), At4g08870 (ARGAH2), At3g30775 (ProDH1), At5g38710 (ProDH2), At2g39800 (P5CS1), At3g55610 (P5CS2), At5g46180 (OAT), At1g80600 (WIN1), At5g46330 (FLS2), At4g39030 (SID1), At1g64280 (NPR1), and At2g39940 (COI1). National Center for Biotechnology Information accession numbers for the sequences used for the phylogenetic analysis are as follows: Arabidopsis (NP_565898 and NP_181435), A. lyrata (XP_002879780 and XP_002879781), B. rapa (EE421453 and EX097874), B. napus (EE409067), R. raphanistrum (FD557329), and C. papaya (EX280263). C. rubella sequences were kindly supplied by Y. Guo and D. Weigel in advance of publication (C. rubella raw sequence data can be found at http://www.ncbi.nlm.nih.gov/bioproject/ 13878).
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